We have previously described Grb7 association with focal adhesion kinase (FAK) and its possible roles in cell migration. In this paper, we investigated the mechanisms by which Grb7 and its association with FAK regulate cell migration. We found that deletion of the Grb7 SH2 domain eliminated partial Grb7 localization to focal contacts and its ability to stimulate cell migration. Replacement of the SH2 domain with the focal adhesion targeting sequence from FAK resulted in the focal contacts localization of the chimeric molecule and restored its activity to stimulate cell migration. We also found that Grb7 could be phosphorylated by FAK, which was dependent on the FAK kinase activity but not the presence of the Src family kinases. Cell adhesion also enhanced Grb7 phosphorylation in FAK؉/؉ cells but not FAK؊/؊ cells, suggesting that Grb7 is a physiological substrate of FAK. Furthermore, both Grb7 and the chimeric molecule did not increase migration of FAK؊/؊ cells, although the chimeric molecule was targeted to the focal contacts. Last, we showed that other Grb7 family members could not stimulate cell migration under similar experimental conditions. Together, these results demonstrate a role for Grb7 targeting to focal contacts and its phosphorylation by FAK in the regulation of cell migration.
Cell migration is crucial for biological processes such as embryonic development, inflammatory immune response, wound healing, and tumor metastasis. Cell migration is a multistep process that is regulated by contractile forces and cellular interactions with the extracellular matrix (1) (2) (3) (4) (5) . Focal adhesion kinase (FAK) 1 is a cytoplasmic tyrosine kinase that is localized to focal contacts. Activation of FAK by integrin-mediated cell adhesion to extracellular matrix induces its autophosphorylation at Tyr-397, which has been shown to be a binding site for several intracellular signaling molecules including Src family kinases (6 -9) , phosphatidylinositol 3-kinase (10), phospholipase C␥ (11) , and Grb7 (12) . The formation of FAK-Src kinase complexes allows phosphorylation of additional sites on FAK, including Tyr-925 for binding of Grb2 (13, 14) , as well as other cellular proteins such as p130 cas and paxillin (15) (16) (17) (18) . FAK has been shown to play an important role in integrinmediated signal transduction and cell migration. Inhibition of endogenous FAK by microinjection of the carboxyl-terminal segment of FAK decreased cell migration (19) . Fibroblast derived from FAK null mice also showed markedly reduced cell motility in vitro (20) . Similarly, we have reported that stable overexpression of FAK in CHO cells stimulated cell migration and mutation of Tyr-397 to Phe abolished its ability to promote cell migration, demonstrating the importance of phosphorylation at Tyr-397 (21) .
Grb7 is a member of an emerging family of SH2 domaincontaining adaptor molecules that include Grb7, Grb10, and Grb14 (22) (23) (24) (25) . Northern blot analysis revealed distinct expression profiles of Grb7 family molecules in different human tissues (24, 25) . The family members share a highly conserved molecular architecture: an NH 2 -terminal region containing proline-rich motifs, a central region with homology to the Caenorhabditis elegans protein Mig-10 and also containing a PH domain, and a COOH-terminal SH2 domain. Grb7 family proteins have been shown to interact with a variety of other cellular proteins including tyrosine kinase receptors and protooncogenes (26 -33) . These interactions have been proposed to play a role in the regulation of mitogenic signaling pathways. Interestingly, differential expression of Grb7 has been reported in some human cancers and tumor cell lines, suggesting a possible function in tumorigenesis (34, 35) .
The central domain of Grb7 family proteins is also called the GM (Grb and Mig) domain, which contains a region of Ͼ300 amino acids showing high sequence homology (approximately 50% amino acid identity) to a C. elegans gene product, 26, 36) . The Mig-10 protein has been shown to play a role in long range migration of neuronal cells during embryonic development (37) . This suggested a possible role for Grb7 in the regulation of migration of mammalian cells. Indeed, we have recently found that Grb7 could interact with FAK through its Tyr-397 in an adhesion-dependent manner and that overexpression of Grb7 stimulated cell migration (12) .
In this report, we investigated the mechanisms by which Grb7 and its interaction with FAK regulate cell migration. We found that the SH2 domain of Grb7 plays a role in cell migration by mediating Grb7 localization to focal contacts through its interaction with FAK. We also identified Grb7 as a direct FAK substrate, and tyrosine phosphorylation of Grb7 by FAK is critical for its ability to increase cell migration. Last, we found that unlike Grb7 itself, several other Grb7 family members could not stimulate cell migration under similar experimental conditions, suggesting a possibly unique role for Grb7 in regulation of mammalian cell migration.
MATERIALS AND METHODS
Reagents-Protein A-Sepharose 4B, glutathione-agarose beads, human plasma fibronectin, and the mouse monoclonal ␣-vinculin were purchased from Sigma. LipofectAMINE was purchased from Life Technologies, Inc. The mouse ␣-phosphotyrosine monoclonal antibody PY-20 was purchased from Transduction Laboratories (Lexington, KY). The rabbit polyclonal ␣-Grb7, ␣-Grb10, ␣-Grb14, and ␣-HA antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Construction of Expression Vectors-The pEGFP-C3 plasmid encoding the green fluorescence protein (GFP) was as described (CLON-TECH). Expression vectors encoding HA epitope-tagged Grb7 (pKH3-Grb7) and its SH2 domain (pKH3-Grb7.SH2) were described previously (12) . The Grb7 segment containing the Pro-GM domain was generated by polymerase chain reaction amplification using the forward (5Ј-GGAATTCATATGGAGCTGGATCTGTCTCCAC-3Ј) and reverse (5Ј-GGAATTCACGTCGACAGTTGGGTGCGGTGGA-3Ј) primers. The polymerase chain reaction product was digested with EcoRI and cloned into pKH3 at the corresponding site to generate pKH3-Pro-GM. Similarly, the GM segment of Grb7 was polymerase chain reaction amplified using the sense (5Ј-CGGAATTCATAAGGTGTACAGTGAGGATGGG-3Ј) and antisense (5Ј-GGAATTCACGTCGACAGTTGGGTGCGGTGGA-3Ј) oligonucleotides and inserted into pKH3 to generate pKH3-GM. The sequence containing the GM-SH2 segment was polymerase chain reaction-amplified using the sense (5Ј-CGGAATTCATAAGGTGTACAGT-GAGGATGGG-3Ј) and antisense (5Ј-CGAATTCGGGCTGAGGCAT-GAGCCAG-3Ј) primers and inserted into pKH3 to generate pKH3-GM-SH2. The DNA segment encoding focal adhesion-targeting (FAT) sequences was excised from pBS-FAK with NruI and EcoRV digestion. This fragment was inserted into pEGFP-C3 at the SmaI site to generate pEGFP-FAT. The FAT segment was then cut out from pEGFP-FAT by SalI and EcoRI digestion. It was then inserted into pKH3-Pro-GM or pKH3-GM at the corresponding sites to generate pKH3-Pro-GM-FAT or pKH3-GM-FAT, respectively. Expression vectors encoding human Grb10␣ and Grb10␥ (32, 38) and Grb14 (24) Cell Migration Assay-Cells were transfected with a combination of pEGFP-C3 and expression vectors in a 1:5 ratio (3 g of total DNA). Two days after transfection, the cells were trypsinized and washed in serum-free medium. Approximately 1 ϫ 10 5 cells were then replated on a 60-mm tissue culture dish that had been coated with 5 g/ml human plasma fibronectin in PBS. After a 2-h incubation at 37°C and 5% CO 2 , the medium was replaced with a CO 2 -independent medium (Life Technologies, Inc.) supplemented with 0.1% fetal bovine serum, and the cells were transferred into a humidified 37°C chamber at atmospheric CO 2 . A fluorescent image was captured to detect GFP ϩ (i.e. positively transfected) cells. Time lapse phase-contrast images were then captured at 15-min intervals using the Image-Pro Plus software program version 3.0 and its specific cell motility macro called OMAware (Image Acquisition and Object Motility Analysis) version 1.1 for Windows NT version 4.0. These phase-contrast images were converted to black and white images using OMAware and saved as JPEG images. The OMAware program was then used to determine the velocity, distance traveled, and migration path for each cell based on its centroid as determined from the cell boundaries in the JPEG images. The mean velocity of the control (GFP Ϫ ) cells was determined and the velocity of each transfected cell (GFP ϩ ) was calculated relative to this value. Data were collected using approximately 30 positively transfected cells in three independent assays for each expression vector.
Immunoprecipitation and Western Blotting-For most experiments, subconfluent cells were washed twice with ice-cold PBS and then lysed with 1% Nonidet P-40 lysis buffer (20 mM Tris, pH 8.0, 137 mM NaCl, 1% Nonidet P40, 10% glycerol, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, and 20 mg/ml leupeptin). For some experiments, cell lysates were prepared from suspended cells, or cells that had been replated on fibronectin using ice-cold modified radioimmune precipitation buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, 30 mM Na 2 HPO 4 , 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, and 20 mg/ml leupeptin), as described previously (40, 41) . Lysates were cleared by centrifugation, and total protein concentration was determined using the Bio-Rad Protein Assay. Immunoprecipitations were carried out by incubating cell lysates with appropriate antibodies for 2 h at 4°C, followed by incubation for 1.5 h with protein A-Sepharose. After washing, immune complexes were resolved using SDS-polyacrylamide gel electrophoresis. Western blotting was carried out using horseradish peroxidase-conjugated IgG as a secondary antibody and the Amersham Pharmacia Biotech ECL system for detection.
Immunofluorescence Staining-Cells were processed for immunofluorescence staining as described with minor modification (40) . Cells were plated on 18-mm coverslips that had been coated with 10 g/ml human plasma fibronectin. They were incubated in a 37°C incubator to allow for cell attachment and spreading. Cells were then fixed with 3% formaldehyde for 15 min, washed three times with phosphate-buffered saline, permeabilized with 0.5% Triton X-100, and washed three times with phosphate-buffered saline. They were stained with primary antibodies (␣-HA (1:300), ␣-vinculin (1:50)) in the presence of 10% goat serum for 1 h at room temperature. After washing three times with phosphate-buffered saline, the bound primary antibodies were detected with fluorescein isothiocyanate-conjugated anti-rabbit (1:300) and rhodamine-conjugated anti-mouse (1:150) antibodies, respectively. Image of stained cells was captured using an immunofluorescence microscope and a CCD camera.
RESULTS

Analysis of Grb7 Domains in Stimulation of
Cell Migration-To investigate the mechanisms of stimulation of mammalian cell migration by Grb7, we constructed expression vectors encoding various fragments of Grb7 (Fig. 1A) . CHO cells were transiently transfected with these vectors. The expression of transfected Grb7 or its fragments were verified by Western blotting using anti-HA, which recognized the triple HA epitope tag fused to the N terminus of Grb7 or its fragments (Fig. 1B) . The effects of various Grb7 fragments on cell motility on fibronectin were then determined by using a time lapse imagingbased computerized motility analysis method (OMAware or Image Acquisition and Object Motility Analysis) as described under "Materials and Methods." Fig. 1C shows that, consistent with our previous results (12), Grb7 stimulated CHO cell migration on fibronectin, whereas transfection of control pKH3 vector did not affect cell motility when compared with untransfected cells. Interestingly, expression of the Grb7 fragment containing the GM and SH2 domains also stimulated cell migration, suggesting that the Pro-rich segment at the N terminus was not necessary for Grb7 function in cell migration. However, expression of neither the GM domain nor the SH2 domain alone increased CHO cell migration. Indeed, the expression of the SH2 domain alone inhibited cell migration, as observed previously in NIH3T3 cells (12) . Expression of the fragment containing both the Pro-rich segment and GM domain also showed some inhibitory effect. These results suggested that the GM and SH2 domains of Grb7 function together to promote cell migration.
Function of the Grb7 SH2 Domain in Subcellular Localization and Regulation of Cell Migration-Our previous studies have suggested a role for Grb7 binding to FAK via its SH2 domain in stimulation of cell migration (12) . Other studies have indicated the critical importance of focal contact localization of FAK in its cellular functions, including regulation of cell migration (19, 42, 43) . Therefore, the Grb7 SH2 domain may be important for the function of Grb7 in cell migration by mediating Grb7 targeting to focal contacts through its association with FAK. To explore this possibility, we first analyzed the subcellular localization of Grb7 and its Pro-GM fragment lacking the SH2 domain. CHO cells were transfected with expression vectors encoding HA-tagged Grb7 or Pro-GM and were plated on fibronectin-coated coverslips. Immunofluorescence staining with anti-HA showed that Grb7 was localized in the cytoplasm as well as discrete regions of the plasma membrane resembling focal contacts ( Fig. 2A, arrows) . Staining of the same cells with anti-vinculin indicated its co-distribution with Grb7 in the focal contacts on the cell periphery (Fig. 2B, arrows) . In contrast, the Pro-GM fragment was detected only in the cytoplasm (Fig. 2, C and D) . These results were consistent with our hypothesis that the Grb7 SH2 domain may be important for Grb7 function by mediating its binding to FAK and partial localization to focal contacts.
To further investigate the above possibility, we generated a chimeric molecule (Pro-GM-FAT) that replaced the Grb7 SH2 domain with the FAT sequence from FAK (Fig. 3A) . Double immunofluorescence staining for the chimeric molecule and vinculin confirmed their extensive co-localization in the cell peripheral and focal contacts, as expected (Fig. 2, E and F,  arrows) . The expression of transfected chimera molecules were also confirmed by Western blotting using anti-HA (Fig. 3B) . We then tested the effect of the chimeric molecule on cell motility in CHO cells. While either Pro-GM fragment (Fig. 1C) or FAT alone (Fig. 3C ) inhibited cell migration, expression of the chimeric protein composed of both segments increased cell migration significantly (Fig. 3C) . Similarly, another chimeric protein with the Grb7 GM domain fused to FAT also promoted cell migration, whereas the GM domain alone did not affect cell migration (Figs. 1B and 3C ). Taken together, these results suggested that the Grb7 SH2 domain was responsible for Grb7 localization in focal contacts through its binding to FAK, which may play an important role in stimulation of cell migration.
Identification of Grb7 as a Direct FAK Substrate-To further explore the role of Grb7 interaction with FAK in the regulation of cell migration, we examined the possibility of tyrosine phosphorylation of Grb7 by FAK. CHO cells were co-transfected with pKH3-Grb7 encoding HA-tagged Grb7 and expression vectors encoding wild type, kinase-defective, or Tyr-397 to Phe mutant (Y397F) FAK. The cells were then lysed and immunoprecipitated with anti-Grb7 antibody followed by Western blotting with PY-20. As shown in Fig. 4A , Grb7 co-transfection with wild type FAK, but not the kinase-defective FAK (kd), resulted in a high level of tyrosine phosphorylation of Grb7. These results suggested that Grb7 might be a substrate for FAK. Interestingly, the Y397F mutant induced Grb7 phosphoryla- tion to a lower level than the wild type FAK, suggesting that Grb7 association with FAK via Y397 (12) may be required for efficient phosphorylation of Grb7 by FAK.
Two other FAK associated proteins, paxillin and p130 cas , have been shown to be phosphorylated primarily by Src family kinases in the FAK-Src complex in a Tyr-397-dependent manner (17, 44) . Therefore, an alternative explanation for a reduced phosphorylation by Tyr-397 mutant is that Grb7 is phosphorylated by Src family kinases rather than by (or in addition to) FAK. To assess this possibility directly, Grb7 was co-transfected with FAK into SYF cells lacking Src, Fyn, and Yes or control wild type cells (39) . Two days after transfection, cell lysates were prepared and immunoprecipitated with anti-Grb7 followed by Western blotting with PY-20. Fig. 4B shows that FAK induced Grb7 phosphorylation in both control and SYF cells (compare mock and FAK lanes), suggesting that Src family kinases were not involved in Grb7 phosphorylation by FAK. Furthermore, increased Grb7 phosphorylation was observed in the SYF cells compared with the control cells either with or without co-transfection of FAK (compare ϩ/ϩ and Ϫ/Ϫ lanes). These results suggested that Grb7 is a direct substrate of FAK, whose phosphorylation is not dependent on the Src family kinases associated with FAK.
Role of Grb7 Phosphorylation by FAK in Its Stimulation of Cell Migration-To investigate potential function of Grb7 phos-
phorylation by FAK in cell migration, we first examined regulation of tyrosine phosphorylation of Grb7 by cell adhesion in FAKϪ/Ϫ and control FAKϩ/ϩ fibroblasts. Lysates were prepared from suspended cells or cells replated on fibronectins for 40 min. They were immunoprecipitated by anti-Grb7 and followed by Western blotting with PY-20 (Fig. 5) . Consistent with our hypothesis that Grb7 is a direct substrate of FAK, no detectable tyrosine phosphorylation of Grb7 was observed in FAKϪ/Ϫ cells under either suspended or attached conditions. In control FAKϩ/ϩ fibroblasts, Grb7 exhibited an increased tyrosine phosphorylation upon cell adhesion to fibronectin. A similar increase in Grb7 phosphorylation was also observed in CHO cells used in most of our cell migration analysis. These results suggested that phosphorylation of Grb7 by FAK may play a role in cell migration.
We also examined the subcellular localization of Grb7 and the chimeric molecule Pro-GM-FAT in FAKϪ/Ϫ cells. Cells were transfected with expression vectors encoding HA-tagged Grb7 or the chimeric molecule and were then plated on fibronectin-coated coverslips. Immunofluorescence staining with anti-HA showed Grb7 distribution in both the cytoplasm and membrane edges (Fig. 6A) . Co-staining with ␣-vinculin marked focal contacts. Inspection of both images as well as the merged image (data not shown) indicated a lack of co-localization of Grb7 with vinculin (Fig. 6, A and B) , which is consistent with the idea that FAK is required for Grb7 (at least partial) localization in focal contacts. In contrast, HA-tagged Pro-GM-FAT chimeric protein showed extensive co-localization with vinculin in focal contacts in FAKϪ/Ϫ cells (Fig. 6, C and D) , indicating that the FAT sequence is sufficient for targeting molecules to focal contacts in the absence of endogenous FAK. Consistent with data in CHO cells (see Fig. 2, A and B) , we also detected Grb7 co-localization with vinculin in focal contacts as well as the cytoplasm in FAKϩ/ϩ fibroblasts (Fig. 6, E and F) , further supporting a role for FAK in Grb7 localization to focal contacts.
To evaluate directly the role of Grb7 phosphorylation by FAK in cell migration, we examined the effects of Grb7 and the chimeric molecule Pro-GM-FAT on cell migration in FAKϪ/Ϫ cells. As reported previously (45) , transfection of FAK into these cells increased their migration on fibronectin (Fig. 7) . Interestingly, expression of Grb7 did not stimulate cell migration but rather inhibited it. Furthermore, expression of the Pro-GM-FAT chimeric protein did not stimulate migration of the FAKϪ/Ϫ cells. Together with data in Fig. 3 , these results demonstrated that Grb7 stimulation of cell migration is dependent on FAK expression. A lack of Grb7 phosphorylation in FAKϪ/Ϫ cells (see Fig. 5 ) is consistent with a role for Grb7 phosphorylation by FAK in cell migration. The inability of Pro-GM-FAT to stimulate cell migration despite its focal contact localization reinforced the potential critical importance of Grb7 phosphorylation by FAK in the regulation of cell migration.
Analysis of Other Grb7 Family Members-Several other Grb7 family members including Grb10␣, Grb10␥, and Grb14 have been described, although their cellular functions are not totally understood at present (22) (23) (24) (25) . We investigated the possible role of these Grb7 family members in the regulation of cell migration using a similar assay. CHO cells were transiently transfected with expression vectors encoding Grb10␣, Grb10␥, or Grb14 as well as Grb7 as a positive control. The expression of transfected Grb7, Grb10␥, and Grb14 were verified by Western blotting using appropriate antibodies (Fig. 8A) . As expected, expression of Grb7 increased cell migration compared with cells transfected with vector alone (Fig. 8B) . However, we could not detect any stimulation of cell motility by Grb10␣, Grb10␥, or Grb14 in these cells. They showed a slight inhibition of cell migration compared with untransfected or vector alonetransfected cells. Together, these results suggested that Grb7 may perform unique functions in mammalian cell migration among the related family members.
DISCUSSION
Members of the Grb7 family adaptor proteins have been shown to bind a variety of other cellular signaling molecules. However, the functional significance of these interactions is largely unknown in the context of appropriate cellular processes. Recently, we have found that Grb7 interacted with FAK in an adhesion-dependent manner and that overexpression of Grb7 stimulated cell migration (12) . In this paper, we investigated the mechanisms of cell migration regulation by Grb7 interactions with FAK. We found that association of Grb7 with FAK via its SH2 domain was required for its localization to focal contacts and its ability to stimulate cell migration. We also identified Grb7 as a direct substrate of FAK and showed that Grb7 phosphorylation by FAK was necessary for stimulation of cell migration by Grb7.
Formation of multiprotein complexes in the focal contacts has been proposed to be responsible for mediating integrin signaling pathways in regulation of various cellular functions (46) . Recent studies have shown that displacement of FAK from the focal contacts by its C-terminal FRNK segment inhibited integrin-FAK signaling pathways in the regulation of cell spreading, migration, and cell cycle progression (19, 42, 43) . Interestingly, expression of a mislocalized FAK mutant competed with the endogenous FAK in focal contacts for binding other signaling molecules, which also functioned in a dominant negative manner to inhibit integrin-FAK signaling pathways in cell cycle regulation (43) . Thus, recruitment of signaling molecules to focal contacts by FAK may play an important role in triggering downstream pathways. The SH2 domain of Grb7 has been shown to mediate its binding to FAK (12) . A small fraction of wild type Grb7 was detected in the focal contacts, and deletion of the SH2 domain abolished this focal contact localization (Fig. 2) . Deletion of the SH2 domain also abolished Grb7's ability to stimulate cell migration (Fig. 1) . Furthermore, replacement of the SH2 domain by the FAT sequence targeted the chimeric molecule directly to focal contacts and also maintained its ability to stimulate cell migration (Figs. 2 and 3) . Together, these data strongly suggested that recruitment of Grb7 to the focal contacts by FAK plays a critical role in triggering downstream pathways leading to cell migration. Furthermore, the observation that only a small fraction of Grb7 is co-localized with FAK suggests that Grb7 interaction with FAK may be dynamic and regulated. This is consistent with the findings that the same Tyr-397 site of FAK also interacts with other signaling including Src family kinases (6 -9) , the p85 subunit of phosphatidylinositol 3-kinase (10), and phospholipase C␥ (11) .
We also noted that while it did not promote cell migration, the Pro-GM segment of Grb7 actually inhibited it (Fig. 1) . Without it being recruited to focal contacts by FAK, this fragment could interfere with either FAK-dependent or -independent signaling pathways in cell migration. Likewise, the fulllength Grb7 also inhibited cell migration when it was not localized to focal contacts in FAKϪ/Ϫ cells (Fig. 7) , which suggested an inhibition of the FAK-independent pathway. The mechanism by which Grb7 or its fragment affected such FAKindependent pathways in cell migration is unknown, although the Pro-rich sequences may be involved, since the GM domain only did not exhibit such activity in CHO cells (Fig. 1) .
Previous studies have shown that activation of FAK-mediated tyrosine phosphorylation of several other proteins including p130
cas and paxillin (15) (16) (17) (18) . However, tyrosine phosphorylation of p130 cas is primarily by Src family kinases in the FAK-Src complexes, and FAK served as a linker to bring p130 cas and Src together (17) . Similarly, paxillin could be tyrosine-phosphorylated when Src was co-expressed with catalytically defective FAK, suggesting that Src kinase is responsible for phosphorylation and FAK functioned to bring Src and paxillin together (44) . In contrast, several lines of evidence suggested that Grb7 is a direct substrate of FAK. First, tyrosine phosphorylation of Grb7 was induced by wild type FAK, but not by the kinase-defective FAK mutant (Fig. 4A) . Second, the absence of Src family kinases in the SYF cells did not prevent FAK-mediated Grb7 phosphorylation but rather enhanced it (Fig. 4B) . Third, tyrosine phosphorylation of Grb7 was also increased by cell adhesion to fibronectin, which was known to induce FAK activation (Fig. 5) . Finally, no Grb7 phosphorylation could be detected in FAKϪ/Ϫ cells even after cell adhesion (Fig. 5) , which had been shown to activate the Src kinases in these cells (47) . It will be interesting to determine the sites phosphorylated on Grb7 by FAK, which may suggest other potential direct FAK substrates.
It is interesting to note that Grb7 exhibited increased tyrosine phosphorylation by FAK in SYF cells compared with the control fibroblasts (Fig. 4B) . It is possible that Src family kinases binding to FAK at Tyr-397 could compete with Grb7 binding to FAK at the same site in normal cells. Therefore, the absence of Src family kinases in SYF cells would allow an increased Grb7 binding (or at least access) to FAK, leading to the very strong tyrosine phosphorylation of Grb7. Alternatively, Grb7 may bind to other intracellular signaling molecules in an Src-dependent manner in normal cells. The absence of Src family kinases in SYF cells could release the associated Grb7, allowing its increased interaction with and phosphorylation by FAK. Future studies will be necessary to determine these interesting possibilities.
Our results showed that the Y397F FAK mutant was not as effective as wild type FAK in inducing Grb7 phosphorylation, suggesting that Grb7 association with FAK may facilitate its phosphorylation by FAK. However, the Y397F mutant clearly phosphorylated Grb7 (Fig. 4) , indicating that association is not absolutely required. It is possible that co-localization of Grb7 with FAK at focal contacts (even without direct association) may increase the efficiency of Grb7 phosphorylation by FAK. Thus, Grb7 could be recruited into focal contacts by endogenous FAK and phosphorylated by both endogenous FAK and the overexpressed exogenous Y397F FAK mutant. These data suggested that Grb7 association with FAK as well as its focal contact recruitment by FAK may be important factors for Grb7 phosphorylation by FAK, although the precise mechanism of Grb7 phosphorylation by FAK will await further investigation.
The functional significance of Grb7 phosphorylation by FAK is not well understood at present. A lack of tyrosine phosphorylation of Grb7 in FAKϪ/Ϫ cells correlated with its inability to stimulate cell migration in these cells. Furthermore, expression of the Pro-GM-FAT chimeric molecule failed to stimulate migration of FAKϪ/Ϫ cells, while it readily increased migration of FAKϩ/ϩ CHO cells. Subcellular localization studies indicated that the chimeric molecule was targeted to focal contacts in both cell types. Therefore, tyrosine phosphorylation of Grb7 may be necessary for its stimulation of cell migration. Alternatively, stimulation of cell migration by Grb7 may be dependent on other signaling pathways downstream of FAK (e.g. FAK/phosphatidylinositol 3-kinase association (48)), which are defective in the FAKϪ/Ϫ cells. This is consistent with the idea that FAK could trigger multiple downstream signaling pathways, which regulate cell migration in a coordinated manner. It remains a future challenge to delineate the spatial and temporal regulations of FAK complexes with other signaling molecules in triggering multiple pathways in cell migration.
